Tobacco blue mold, caused by Peronospora tabacina, is an oomycete plant pathogen that causes yearly epidemics in tobacco (Nicotiana tabacum) in the United States and Europe. The genetic structure of P. tabacina was examined to understand genetic diversity, population structure and patterns of migration. Two nuclear loci, Igs2 and Ypt1, and one mitochondrial locus, cox2, were amplified, cloned and sequenced from fifty-four isolates of P. tabacina from the United States, Central America-Caribbean-Mexico (CCAM), Europe and the Middle East (EULE). Cloned sequences from the three genes showed high genetic variability across all populations. Nucleotide diversity and the population mean mutation parameter per site (Watterson's theta) were higher in EULE and CCAM and lower in U.S. populations.
Igs2 and Ypt1, and one mitochondrial locus, cox2, were amplified, cloned and sequenced from fifty-four isolates of P. tabacina from the United States, Central America-Caribbean-Mexico (CCAM), Europe and the Middle East (EULE). Cloned sequences from the three genes showed high genetic variability across all populations. Nucleotide diversity and the population mean mutation parameter per site (Watterson's theta) were higher in EULE and CCAM and lower in U.S. populations.
Neutrality tests were significant and the equilibrium model of neutral evolution was rejected, indicating an excess of recent mutations or rare alleles. Hudson's S nn tests were performed to examine population subdivision and gene flow among popula-
tions. An isolation-with-migration analysis (IM) supported the hypothesis of long-distance migration of P. tabacina from the Caribbean region, Florida and Texas into other states in the United States. Within the European populations, the model documented migration from North Central Europe into western Europe and Lebanon, and migration from western Europe into Lebanon. The migration patterns observed support historical observations about the first disease introductions and movement in Europe. The models developed are applicable to other aerial dispersed emerging pathogens and document that high-evolutionary-risk plant pathogens can move over long distances to cause disease due to their large effective population size, population expansion and dispersal.
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genetic structure, Peronospora tabacina, population genetics, tobacco 1 | INTRODUCTION Peronospora tabacina Adam (syn. P. hyoscyami de Bary), causal agent of blue mold, is an oomycete pathogen and obligate parasite of tobacco (Nicotiana spp.) (Johnson, 1989; Lucas, 1980) . P. tabacina can reproduce both asexually and sexually. Sporangia can be aerially transported by wind currents over long distances and can infect leaf surfaces (Davis & Monahan, 1991; Todd, 1981) . Under cool and humid conditions, sporangiophores emerge through stomata and produce sporangia which are then released and reinfect other plants. The polycyclic pathogen can complete an infection cycle in 7-10 days, and thus, an outbreak can spread rapidly. The sexual oospores have been Other important emerging plant pathogens that spread via aerially dispersed spores include soybean rust, cucurbit and grape downy mildews. Understanding the migration patterns of aerially dispersed plant pathogens can enable better means to manage diseases (Anderson et al., 2004) . Several pathways of migration of P. tabacina may be operating in the United States and Europe. First, inoculum produced on tobacco in the Caribbean basin could be disseminated unidirectionally northwards to spring and summer-grown tobacco in the more temperate zones arriving anew each year from suspected source regions in the Caribbean or Central America (Davis & Main, 1986; Nesmith, 1984 Nesmith, , 1990 . Similarly in the Mediterranean region and northern Europe, putative sources of inoculum are from North Africa or the Middle East (Ledez, 1988; Main & Spurr, 1990) .
Wild plant hosts can harbour plant pathogens that then jump host to domesticated crops. Inoculum of P. tabacina may survive on the wild fiddle leaf tobacco (Nicotiana repanda Willd.), an annual herb native to central and southern Texas and adjacent regions of Mexico (Reuveni, Nesmith, Siegel, & Keeny, 1988; Wolf, 1947) . It has also been postulated using atmospheric trajectory analysis that Texas could be the source for blue mold spores in some years in North Carolina (Davis, Main, & Nesmith, 1990) .
Movement of plant pathogens in planting material is a common means by which pathogens emerge in new geographic regions. A third possible source of inoculum could include survival of the pathogen as oospores on roots, stems or host debris in the field (Caiazzo, Tarantino, Porrone, & Lahoz, 2006; Heist et al., 2002; LaMondia & Aylor, 2001; Lucas, 1980; Spurr & Todd, 1982) . The pathogen can also survive and spread in infected tobacco seedling beds or in transplants in greenhouses. As the symptoms and signs of the disease are not visible immediately after infection and systemic infections can occur, infected seedlings could also be an important inoculum source involved in spread of the pathogen between tobacco-growing regions.
Biosurveillance of plant pathogens can enable growers to make more targeted disease management decisions. The North American Blue Mold Warning System was initially established after the blue mold epidemics in 1979 and reported blue mold outbreaks in the United States until 2011 (Davis & Main, 1986; Ledez, 1988; Nesmith, 1984 Nesmith, , 1990 (Coresta, 2009; Ledez, 1988) . Atmospheric satellite weather data are used to examine, integrate and predict the movement of the pathogen in space and time.
However, validation of the migration patterns predicted by the forecasting system using genetic data from actual outbreaks has not been performed previously.
We examined the genetic structure of populations of P. tabacina to test two hypotheses that: (i) migration of the pathogen occurs from the Caribbean region into the United States by long-distance aerial dispersal and (ii) that migration of the pathogen occurs from the Mediterranean region into Europe by long-distance aerial dispersal. Specific objectives of this study were to analyse the population structure of P. tabacina from the United States, Caribbean, Mexico and Europe and the Mediterranean region using multilocus sequencing of one mitochondrial and two nuclear genes in order to (i) estimate genetic variability in pathogen populations and perform neutrality tests to assess departures from population-size constancy,
(ii) estimate the magnitude and direction of migration and its contribution to the pathogen genetic structure and (iii) examine the population structure and evolutionary relationships of the haplotypes of P. tabacina between regions. Specifically, we predict higher genetic diversity at locations with longer established and/or larger effective population sizes, such as overwintering sites.
| MATERIALS AND METHODS

| Sample collection and procedures
Blue mold occurs annually in the eastern United States and Caribbean area on tobacco crops. We collect Peronospora tabacina annually and maintain in cryoculture more than 260 isolates in the Department of Entomology and Plant Pathology at North Carolina State University. Fifty-four isolates of P. tabacina sampled from different geographic locations from the United States, Central America, the Caribbean, Europe and the Middle East were selected (Table S1 ).
Total genomic DNA was extracted using the standard cetyltrimethylammonium bromide (CTAB) protocol (Murray & Thompson, 1980) . Each DNA extraction was checked for the presence of P. tabacina DNA using the specific PCR primer PTAB (Ristaino, Johnson, BlancoMeneses, & Liu, 2007) and the real-time diagnostic primer PtabBM TaqMan (Blanco-Meneses & Ristaino, 2011) . Initially, different primer pairs from nuclear, ribosomal and mitochondrial genes were tested and sequenced using 15 isolates of P. tabacina and one sequence of each gene were submitted to GenBank (Table S2) . Three genes were chosen for subsequent analysis.
Polymorphisms were found in the intergenic spacer Igs2 region of the ribosomal DNA (rDNA), the Ras-related protein (Ypt1) gene and the mitochondrial cytochrome c oxidase subunit 2 (cox2) gene.
These regions were chosen for subsequent amplification, cloning and sequencing. The presence of heterozygous sites was confirmed by cloning using the TA cloning kit PGEM-T easy vector (Promega, Madison, Wisconsin) . Ten white colonies were selected, and the QIAprep Spin Miniprep Kit (QIAGEN, Valencia, California) was used for the purification of the plasmid DNA. DNA was stored at À20°C for further use and long-term storage. Six of ten clones of each isolate (n = 54) were randomly selected for sequencing. A total of 324 clones were analysed for each of the three gene regions. Each clone was sequenced using the ABI PRISM BigDye Terminator Cycle Sequencing Ready Reaction kit and analysed on an ABI PRISM 377 automated sequencer (Applied Biosystem, Foster City, California) at the North Carolina State University Genomic Sciences Laboratory.
| Data analysis
Multiple DNA sequences were aligned and edited manually using either BioEdit Sequence Alignment Editor Version 7.0.5.3 (Hall, 1999) or Clustal X (Thompson, Higgins, & Gibson, 1994 Each gene or region was analysed separately for each subpopulation. Cloned sequences were formatted using the Phylogeny Inference Package (PHYLIP) format (Felsenstein, 1989) . Initially, sequences were collapsed into haplotypes removing indels and excluding infinite-site violations using SNAP MAP (Aylor, Price, & Carbone, 2006; Price & Carbone, 2005 ) from SNAP WORKBENCH version 2.0 (Aylor et al., 2006; Monacell & Carbone, 2014; Price & Carbone, 2005) . Incompatible sites were removed from the sequences using CladeEx (Bowden, Price, & Carbone, 2008) in the SNAP WORKBENCH platform. Then, the sequences were collapsed with phenotypes into haplotypes removing insertion and deletions (indels) and excluding infinite-site violations using the SNAP MAP (Aylor et al., 2006) . Base substitutions were categorized as phylogenetically informative or uninformative and transitions vs. transversions and each of the polymorphic sites received a specific site number on the consensus sequence.
2.3 | Nucleotide diversity, neutrality tests and population subdivision DNASP version 4.50.3 (Rozas, Sanchez-delBarrio, Messeguer, & Rozas, 2003) and the Neutrality Test Program (Li & Fu, 2002) were used to estimate nucleotide diversity and perform neutrality tests. Analysis was performed on the total population, separate regional subpopulations (U.S., CCAM and EULE subpopulations) and the individual states in the U.S. subpopulation. For each analysis, the population mutation parameter per nucleotide site h using Watterson's (1975) h w , based on the number of segregating sites, s, and the average pairwise nucleotide diversity, p (Tajima, 1983) , were estimated. Neutrality test statistics were calculated with Tajima's D (Tajima, 1989) , Fu and Li's D* and F* (Fu & Li, 1993) , and Fu's Fs (Fu, 1997) and tested using 5,000 simulations to accept or reject the hypothesis that mutations in these regions follow the neutral model of molecular evolution (Kimura, 1980) . These neutrality tests assume a constant population size, no recombination and no migration and that each isolate is taken from a single randomly mating population and random sampling, that is, the population evolves according to the Wright-Fisher model. Departures of neutrality may be caused by evolutionary forces such as population subdivision, population shrinkage, overdominance selection, population growth, genetic hitchhiking and background selection (Fu, 1997) . Carbone, Liu, Hillman, and Milgroom (2004) and Carbone, Jakobek, Ramirez-Prado, and Horn (2007) (Carbone et al., 2007) .
Nonparametric tests for population subdivision were performed using Hudson's test, the nearest neighbour statistics S nn (Hudson, Boos, & Kaplan, 1992) on the SNAP Workbench platform. This statistic uses the infinite-site model to examine how often the nearest sequence neighbours are from the same populations. The S nn statistic allows pooling of different populations into genetically subdivided groups of regions. To calculate a significant value for the S nn statistic, a permutation test of 1,000 pseudoreplicates was performed. When S nn = 1, the two or more populations are highly genetically differentiated, whereas an S nn near 0.5 indicates that the two or more populations are part of one panmictic population. 
| Migration analysis
Once the putative boundaries of the subpopulations were determined, the observed patterns of genetic divergence were further BLANCO-MENESES ET AL. explored to determine whether there was evidence for constant migration among populations and shared ancestral polymorphism.
The migration with division (MDIV) programme was used to test for equilibrium migration vs. shared ancestral polymorphisms between two subdivided populations (Nielsen & Wakeley, 2001 ). This approach uses either an infinite-site or finite-site model without recombination and implements both likelihood and Bayesian methods using a Markov chain Monte Carlo coalescent simulation for jointly estimating the population mean mutation rate (h), divergence time (T), migration rate (M) and time since the most recent common ancestor (TMRCA) between two subdivided populations. This approach assumes that populations are descended from one panmictic population that may (or may not) have subsequently exchanged migrants. We ran the MDIV analysis after first collapsing the data into haplotypes for the largest nonrecombining partition to avoid assumption violations.
If MDIV showed evidence of equilibrium migration, the isolationwith-migration (IM) programme (Hey & Nielsen, 2004; Nielsen & Wakeley, 2001 ) within the SNAP Workbench platform was used to estimate population divergence time, population mean mutation rate and direction of migration. Both MDIV and IM assume neutrality and no recombination. Under the null hypothesis of isolation, an expected migration near 0 would be expected. To run the IM programme, the following parameters were used: one million steps for the burn-in duration, 12 and 24 hr were used between outputs and a value of 20 was used for the maximum migration rate and the maximum time of population splitting. Multiple chains (total of six different runs for every two populations compared) were run using different starting values for the parameters. If all chains give similar results, it was assumed as good evidence of convergence for reliable parameter estimation.
| Phylogenetic and structure analysis
Maximum-likelihood (ML) phylogenetic analysis of the nuclear (Igs2, ypt1) and mitochondrial locus (cox2) sequences was performed using RAXML version 8, which is accessible through the CIPRES RESTful application (CRA) programmer interface (Miller et al., 2015) . Phylogenies were displayed in circle tree format using T-BAS v2.0 (I. Carbone, unpublished), an extension of the T-BAS v1.0 toolkit (Carbone et al., 2017) . Statistical support for tree branches was based on 1000 bootstrap replicates. Structure analysis and the optimal number of K clusters were performed using STRUCTURE version 2.3.1 (Falush, Stephens, & Pritchard, 2003; Pritchard, Stephens, & Donnelly, 2000) .
To achieve good mixing and assess convergence of log-likelihood values, MCMC sampling used 20,000 iterations after a burn-in period of 20,000, and three simulations for K ranging from 1 to 6 were performed using the "full search" method in CLUMPP v1. were determined using the Tracy-Widom statistic (Tracy & Widom, 1994) with the number of K clusters estimated using the Gap Statistic (Tibshirani, Walther, & Hastie, 2001) . Locus statistics and population statistics were performed at each geographic level using the R library poppr (Kamvar, Tabina, & Gr€ unwald, 2014) . Poppr was utilized to generate minimum-spanning networks (MSN) for each Multi Locus Genotype (MLG) at each spatial level.
| Validation of the North American blue mold warning
Isolates from the year 2006 were used to validate the trajectories generated by the forecast system for that year. The 2006 subpopulation was selected because we had the highest number of isolates collected from different geographical locations in the United States and CCAM regions in that year: North Carolina (NC) (n = 1), Ken-
and Nicaragua (n = 2) ( Table S1 ). Population subdivision, gene flow and coalescent analysis were performed on the 2006 subpopulations as described above.
3 | RESULTS and the cox2 gene (1.09 9 10 À3 ). Little difference in h w was observed for NC-Burley and NC-Flue-cured subpopulations for any gene analysed (Table 1) .
| DNA sequence variability
Nucleotide diversity (p) was also estimated for the U.S. populations separately. As the population sampled from North Carolina was larger than the populations from other states, we examined the effect of population size on the nucleotide diversity estimates (Table S3) isolates from the other tobacco states (Table S3) . Interestingly, the highest mitochondrial diversity occurred in Texas populations, a putative overwintering source in the United States (Table S3) .
| Tests of neutrality
Four neutrality tests were performed to determine whether the data departed from an equilibrium model of neutral evolution. Highly significant and negative values were observed for all the neutrality tests for the three subpopulations indicating that the neutral model of evolution could be rejected ( 
| Population genetic structure
There were a high number of low-frequency haplotypes in the populations. There were 93 haplotypes identified for the nuclear genes Igs2 and Ypt1, and 82 haplotypes identified for the cox2 gene (Tables S4-S6 ).
For the Igs2 region, one high-frequency haplotype (H90) dominated the populations. Ninety-three different haplotypes were identified of which 15 were frequent haplotypes (present in 2 or more clones) and 79 were less frequent haplotypes (presented in only 1 clone). The total Igs2 haplotypes were differentiated by 116 single nucleotide polymorphism (SNPs), 104 transitions and 12 transversion substitutions (Table S4) . Eight transition substitutions were T A B L E 1 Population statistics, diversity estimates and neutrality tests based on variation in nuclear and mitochondrial regions of Peronospora tabacina informative for the data analysis and were located at sites 9, 32, 59, 62, 71, 83, 108 and 112, and only one transversion substitution was informative and located at the 69 site of the consensus for the Igs2 region (Table S4) .
For the Igs2 region, the predominant haplotype H90 was present in 209 of the 324 clones (64.51%). Greatest numbers of haplotypes (n = 24) were found in the North Carolina (22.58%) and Kentucky (n = 15, 11.83%) subpopulations; the other tobacco-producing states had fewer haplotypes (Table S4) . Within the CCAM population, 14
of the haplotypes were present in Dominican Republic (15.05%) and 12 in Mexico (12.90%) (Table S7 ). Within EULE, 11 of the haplotypes (11.83%) were present in France while fewer than six haplotypes (1.08% and 6.45%) were found elsewhere in the EULE countries (Tables S7 and S8 ). NC had 15 unique haplotypes (18.99%), followed by 11 in KY (13.92%), 10 in Mexico (12.66%), nine in the Dominican Republic (11.39%) and eight in France (10.13%). The number of unique haplotypes for the other regions was lower than 4 (Tables S7 and S8 ).
For the Ypt1 region, a total of 93 different haplotypes were found, 17 were frequent and 76 less frequent haplotypes (Table S5) .
Similarly, one high-frequency haplotype was predominant (H-1). The total haplotypes were differentiated by 126 SNPs, of which 107
were transitions and 19 were transversion substitutions. Eight transition substitutions were informative for the data analysis and were located on the 9, 25, 26, 57, 58, 72, 98 and 101, and only one transversion substitution was informative and located at the 96 site of the consensus for the Ypt1 region (Tables S5 and S8 ).
The predominant haplotype named H1 was present in 176 of the 324 clones (54.32%) of the Ypt1 region and was found in all of the subpopulations studied (Table S7) . Within the U.S. population, 30 of the 93 haplotypes were present in NC (32.26%) and six were found in TX, PA, CT and GA (6.45% each). The other tobacco-producing states had between two and four (2.15%-4.30%) haplotypes (Table S7) . Within the CCAM population, 16 of the haplotypes were present in Dominican Republic (17.20%) and six of the haplotypes were in Mexico (6.45%). Within EULE, six of the haplotypes were present in France, Bulgaria and Poland, respectively (6.45% each) (Tables S7 and S8 ). The highest number of unique haplotypes were found in NC (24 of 76, 31.58%), followed by Dominican Republic (13 of 76, 17.10%). The number of unique haplotypes for the other regions was low (0-5; 0%-6.58%) ( Table S7 ).
The cox2 gene sequence was the less variable when compared with the other two gene regions (Tables S7 and S8 ). A total of 82 haplotypes were found for this gene, eight were frequent and 74 less frequent haplotypes. Similarly, one high-frequency haplotype was predominant (H-1). The total haplotypes were characterized by 107 SNPs, of which 87 were transition and 20 were transversion substitutions. Six transition substitutions were informative for the data analysis and were located on the 16, 31, 33, 39, 46 and 107, and two transversion substitutions were informative and located at the 1 and 5 sites of the consensus for the cox2 gene (Table S6 ).
For the cox2 gene, the predominant haplotype, H1, was present in 235 of the 324 clones (75.53%) and it was present in every geographical location analysed (Table S6) . Within the U.S. population, 16 of the 82 haplotypes were present in NC (19.51%), seven in PA and TX (8.54%) and six in KY (7.32%). The other tobacco-producing states had fewer haplotypes (6.10% and 12.19%) (Tables S6 and S7 ).
Within the CCAM population, 15 of the haplotypes were present in Dominican Republic (17.20%), eight in Nicaragua (9.76%) and five in Mexico (6.10%). Within EULE, nine of the haplotypes were present in France (10.98%) and four in Germany (4.88%) ( Table S7 ). The highest number of unique haplotypes for the cox2 gene was found in North Carolina (15 of 74, 20.27%), followed by Dominican Republic (10 of 74, 13.51%) and France (7 of 74 haplotypes, 9.46%). The number of unique haplotypes for the other regions was low (between 0 and 6, 0%-8.10%) ( Table S8 ).
| Population subdivision
Hudson's tests S nn were performed to examine population structure and subdivision within and among populations (Hudson et al., 1992) . (Table S11 ).
The EULE population was analysed separately using the Hudson's S nn test. Initially, the population was pooled into four different groups: northern Europe (Poland and Germany), Central Europe (Bulgaria and Hungary), western Europe (France) and Lebanon (Table 3 , Figure 1 ). The test was performed again and northern and Central Europe were not subdivided, so the data were pooled (Table S12, Figure 1 ). When the test was performed a third time, northern/Central Europe was genetically subdivided from western Europe for the Igs2 and the Ypt1/5 regions but not for the cox2 gene. Both populations were not genetically subdivided from Lebanon for all three gene regions (Tables S12 and S13 ).
| Phylogenetic and structure analysis
There were two large populations in the nuclear loci (Ypt1 and Igs2) (Figure 2 ). In the nuclear phylogeny, population 1 (predominantly blue) based on structure inference using the Evanno method at K = 2 (third outer ring) and overlapping predominantly with PCA cluster 2 (innermost ring) was represented by isolates in all regions T A B L E 2 The nearest neighbour statistic (S nn ) evaluated in the United States and CCAM subpopulations of Peronospora tabacina pathogen. The total population was used for the test Europe (e.g., Germany) and Middle East (Lebanon). For cox2, the phylogeny was poorly resolved and is consistent with one large population corresponding to PCA cluster 4 ( Figure S1 ). For the cox2 mitochondrial locus, the Evanno estimate was K = 4 (third ring) and K = 6 (outermost ring) based on LnP.
A frequent predominant haplotype that was shared among United States, CCAM and EULE populations was observed in the minimum-spanning networks. There were many rare emergent haplotypes derived from the dominant haplotypes in each region for each locus examined (Figures S3-S5 and Tables S4-S6 ).
| Migration analysis
The MDIV programme estimates the population mean mutation rate (h), divergence time (T), migration rate (M) and time since the most recent common ancestor (TMRCA) between two subdivided populations ( Figure 1 and Figure S1 ). The direction of migration for the populations was examined using the isolation-with-migration programme (Hey & Nielsen, 2004) . When the U.S./CCAM populations were com- High levels of genetic variation were found among populations of P. tabacina when DNA from allelic regions of several loci was cloned and sequenced in our work. Other downy mildews such as cucurbit downy mildew also exhibit high levels of genetic diversity in the United States in Florida and North Carolina (Choi, Thines, Han, & Shin, 2011; Ojiambo, Gent, Quesada-Ocampo, Hausbeck, & Holmes, 2015) . Several possible mechanisms could explain the high genetic variation observed in the blue mold pathogen. The most common form of dispersal of this pathogen is aerial, long-distance dispersal from putative overwintering sites in Texas and the Caribbean. Long-distance dispersal is an important survival strategy for many fungal pathogens including rusts, powdery mildews and downy mildews, enabling them to colonize new territory rapidly or to migrate between summer and winter habitats (Brown & Hovmoller, 2002; Ojiambo et al., 2015) . The production of huge numbers of spores in each polycyclic event is essential for reproduction and survival because the pathogen is completely dependent on living host tissue. P. tabacina causes a polycyclic disease and aerial dispersal over long distances, and expansive population growth occurs after cluding Cuba) and later as the green tobacco belt is planted further north (Davis & Main, 1986; Nesmith, 1984) . We were unable to collect and genotype isolates from Cuba due to a U.S. imposed trade embargo with Cuba that prohibited exchange of plant samples. Thus, Cuban samples were not included among isolates from the CCAM region.
Our data demonstrated greater genetic diversity in the Cox2 mitochondrial gene in populations from Texas, a putative overwintering site of the pathogen. These results agree with previous reports that inoculum of P. tabacina is known to survive on wild Nicotiana repanda in Texas (Reuveni et al., 1988) and overwinter and form oospores in Florida (McGrath & Miller, 1958) . Both these sources of inoculum may contribute to epidemics in regions further north. Our Peronospora farinosa (Danielsen & Lubeck, 2010) and Phytophthora spp. (Chamnanpunt, Shan, & Tyler, 2001; Judelson, 2007) , and this diversity has been attributed to factors such as genetic instability, transposable elements, gene conversion, mitotic recombination and/or dispensable chromosomes (Haas et al., 2009; Kamoun, 2003) . The P. tabacina genome has been recently sequenced, and the genome size and organization suggest that like other oomycetes, the genome has a large number of retrotransposons (Derevnina et al., 2015) . SNP analysis revealed that 32% of the genome was heterozygous and that outcrossing has occurred. As nucleotide diversity is the average number of pairwise nucleotide differences between sequences in a sample and the Watterson's h w is based on the number of polymorphic sites in a sample, p depends on both the number of polymorphic sites and their F I G U R E 2 Maximum-likelihood (ML) phylogenetic analysis of the nuclear loci (Ypt1 and Igs2) sequences from Peronospora tabacina was performed using RAxML version 8 (centre), principal component analysis (PCA) (innermost ring), geographic locality shown in the second ring, structure analysis using the Evanno method at K = 2 (third ring) and LnP inference at K = 4 (outermost ring). For each individual, the colours of histogram bars correspond to the relative proportion of each cluster. The tree branches are coloured according to PCA cluster, and bootstrap values >70 are labelled along branches frequency, whereas h w is independent of frequencies (Nei & Li, 1979; Watterson, 1975) . A population that has a high number of haplotypes could inflate the estimate for the h w , as was observed in our data.
| European migrations
High nucleotide diversity and similar mutation rate estimates were observed for CCAM and EULE populations when compared with the U.S. subpopulations for the nuclear gene regions examined. Ledez, 1988) . The oldest isolates studied in our work were from Germany and Lebanon in 1963 which is close to the time of the original introductions into Europe.
Transport of inoculum by winds was believed to be involved in movement of the pathogen in these first European epidemics. Further analysis using more European samples collected more recently from other countries could provide better detail on the current population structure within European populations of P. tabacina and the direction of migration.
| Mechanisms of genetic variation in coenocytic oomycetes
Peronospora tabacina is coenocytic and lacks crosswalls; therefore, it is a multinucleate organism. P. tabacina's sporangiospores have from 4 to 35 nuclei per sporangium (Trigiano & Spurr, 1987; Trigiano, Van Dyke, Spurr, & Main, 1985) . The high amount of spores produced in each yearly epidemic plus the multikaryon characteristic of P. tabacina increases the possibility of high amounts of variation in subsequent populations.
Peronospora tabacina reproduces predominately by asexual means. The mechanism by which nuclei migrate in the coenocytic hyphae or the level of variation among nuclei is unknown. It is possible that nuclei may separate in mycelium and subsequently recombine to form divergent lineages. It is possible that in one asexual event, many or all of the nuclei pass to the subsequent generation.
It is also possible that developing spores receive one nucleus that then divides to form all the other nuclei. This phenomenon has been observed in mycorrhizal fungi (Kuhn, Hijri, & Sanders, 2001; Sanders, 2002 ) that also show high levels of genetic variation. In some mycorrhizal species (Glomus spp.), it is believed that recombination can occur between different nuclei that coexist in one single spore (Bever, Kang, Kaonongbua, & Wang, 2008; Pawlowska & Taylor, 2004; Schardl & Craven, 2003) . Intraspore genetic diversity has been reported in mycorrhizal spores. Sanders, Alt, Groppe, Boller, and Wiemken (1995) first showed that mycorrhizal spores contain variable ribosomal DNA (rDNA) sequences. This means that the heterokaryotic organisms have single spores containing more than one genome that coexist together (Sanders, 2002) . For P. tabacina, the presence of genetic variability was observed in different clones from one single isolate. Further analysis of nuclei separately to determine whether intraspore genetic diversity occurs in P. tabacina is needed.
Another explanation for the genetic variation observed could involve nonmeiotic recombination of genetic material between cohabitating nuclei within heterokaryons (i.e., parasexuality) (Leslie, 1993) . Chromosomal exchange is due to mitotic crossing over and takes place during mitotic divisions. The resultant nucleus, because of crossing over and random loss of chromosomes, is genetically different from the parents (Kamoun, 2003) .
It has been reported that the genome of P. tabacina may be comprised of repetitive DNA (Derevnina et al., 2015; Sukno et al., 2002) as has been reported in other oomycetes including Bremia lactuca (Francis, Hulbert, & Michelmore, 1990) and Phytophthora infestans (Haas et al., 2009 ). The genome of P. infestans is greatly expanded with repetitive DNA. Rearrangements in the genome are associated with transposon activity which results in high levels of genomic variation (Haas et al., 2009) . Retrotransposons have been reported in both P. tabacina and in a related Hyaloperonospora sp. (Coates & Beynon, 2010; Derevnina et al., 2015) .
Another possible explanation for the high variability in P. tabacina is the presence of sexual recombination. The presence of oospores in this pathogen has been reported in vitro in plants after inoculation and incubation under laboratory conditions. In tobacco fields, the presence of oospores was reported in the United States at very low levels (Heist et al., 2002) . Sexual reproduction is known to occur in populations from overwintering sites in Florida, Texas, and has been reported in Canada (LaMondia & Aylor, 2001; McGrath & Miller, 1958; Reuveni et al., 1988) . The presence of sexual recombination in the overwintering sites and dispersal of diverse clonal lineages further north are the possibilities as a large number of rare alleles were found in the populations examined (McGrath & Miller, 1958; Reuveni et al., 1988; Spurr & Todd, 1982) . The presence of incompatible sites would support conflicting phylogenies and provide evidence of recombination and genetic exchange. However, further work will be necessary to confirm this hypothesis. Sexual recombination has been reported in many other oomycetes including Bremia lactuca on wild Lettuce species (Lebeda & Blok, 1990 ), Phytophthora infestans, P. capsici, P. sojae and Plasmopara viticola (Judelson, 2007) . Indeed, evidence of outcrossing has been reported from analysis of the recently sequenced P. tabacina genome (Derevnina et al., 2015) . We thank Amanda Saville for conducting the minimum-spanning network analysis of the data and submitting the DNA sequences to GenBank.
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